. Introduction
emerged as a novel approach for improving severe ischaemic left ventricular (LV) dysfunction. Medical treatment offers limited promise to patients So far, most studies have focused on skeletal muscle cell with end-stage heart failure. Even though heart transplantatransplantation which has been shown to provide short tion is the only established radical treatment, it is fraught term beneficial effects on ventricular function in both small with several drawbacks, specifically those related to organ (rats) [1, 2] and large (rabbits) [3, 4] animal models of shortage, complications of immunosuppression and late myocardial infarction (MI) created by coronary artery graft vasculopathy. In this setting, cell therapy has recently ligation or cryoinjury. However, the long-term consequences of skeletal muscle cell replacement therapy have yet to be demonstrated. The objective of the present study has been to address this issue by assessing the outcome of skeletal muscle cell transplantation after a 1-year follow-up 2 .4. Functional assessment in a rat model of myocardial infarction.
2 .4.1. Echocardiography Echocardiographic evaluation of LV function was repeated at 2 months and 1 year from the time of transplanta-2 . Methods tion according to a previously described protocol [2] . the MI, the muscle was preconditioned using Marcain as relationship (EDPVR). previously described [5] . Simultaneously with the creation of MI, the tibialis anterior muscles were dissected, minced, 2 .4.3. Histological assessment weighed, and enzymatically dissociated using collagenase After PV loop analysis, the animals were sacrificed. The IA (2 mg / ml; Sigma, St. Louis, MO, USA) and trypsinhearts were snap-frozen in nitrogen-cooled isopentane. EDTA (0.25%, Gibco, Gaithersburg, MD, USA). The cells Standard histological studies were carried out on cryostat were grown in F12 medium (Gibco) supplemented with sections (hematoxylin-eosin staining). The skeletal muscle 15% foetal bovine serum (Hyclone, Logan, UT, USA), 1% tissue (myotubes and small muscle fibers) was specifically penicillin-streptomycin (Gibco) and 5 ng / ml bFGF detected with a monoclonal antibody directed on serial (Sigma). At the end of the 7-9 day culture process, the sections separated by 8 mm each, against the fast (skeletal) cells were harvested by trypsinisation, pelleted and demyosin heavy chain (MHC) isoform (clone MY32, Sigma). livered intramyocardially into the infarcted area in two to
The expression of the slow MHC isoform expressed both three sites using a 30G needle. A sample was plated for the in heart and some skeletal muscle cells was assessed using phenotypic characterisation of myogenic cells expressing a monoclonal antibody (clone NOQ7, Sigma). Following the desmin cytoskeletal filament according to a previously identification of myotubes at the lowest magnification, the described cytochemistry procedure [1] .
number of cells positive for the fast, slow, or both MHC isoforms, was counted manually on high-magnification 2 .3. Experimental groups micrographs on the heart section containing the highest number of skeletal muscle fibers. Under general anaesthesia, ventricular function was assessed by echocardiography 7 days after infarction. The 2 .5. Data analysis next day, rats were randomly injected through a ministernotomy with either 150 ml of the myogenic cell Functional studies were performed in a blinded fashion. suspension (skeletal muscle cell group) or an equivalent Between-group comparisons of EFs derived from echovolume of the culture medium (control group).
cardiography and PV loops were done by the Wilcoxon test. Mann-Whitney U tests were used to study functional with an average weight of 665.15 g 1 year after transvariables within the same group. Results are expressed as plantation. mean6S.E.M. The critical a level was set at P,0.05.
.2. Functional results

. Results
.2.1. Echocardiography
Baseline studies performed after MI showed comparable 3 .1.
Cell cultures and transplantations
LVEFs in the two groups (2863% in controls and 2764% in skeletal muscle cell-transplanted rats, P50.47). Two Within 1 week, the cell culture procedure allowed to months after transplantation, there was a significant im-6 grow and inject 9.463.3310 cells, of which an average provement of EF in the skeletal muscle cell group (4266 of 31.5% was identified as skeletal muscle cells by a vs. 2062% in controls, P50.002). At the 1-year postpositive staining for desmin.
transplant study point, an improvement of LVEF of similar Thirty-two rats out fifty-seven rats subjected to MI magnitude was still observed in the skeletal muscle cell survived the procedure. During follow-up, thirteen rats group: 45612 vs. 2667% in controls, P50.015 (Fig. 1A) . were sacrificed at 2 months for histological evaluation; eight of them had received skeletal muscle cells. An 3 .2.2. Pressure-volume loops additional six died (four controls and two skeletal muscle LVEF measured by PV loops was not significantly cells) during the follow-up period, leaving a total study different from that derived from echocardiography. This population of thirteen rats for functional evaluation (seven correlation was acceptable for the control group (3269 vs. control rats and six skeletal muscle cell-transplanted rats) 2667%, respectively, P50.06) and still better in the (Fig. 2c) isoform, which is also Representative tracings of ESPVR clearly show that the constitutively expressed by nearby native cardiac muscle heart in the control group is dilated with a rightward shift fibers (asterisk). of the curve whereas in the skeletal muscle cell-grafted At 2 months from transplantation, skeletal muscle fibers heart, the slope of the regression line of the left upper were present in all cell-injected hearts (10416796 fibers points of the loop are shifted to the left, thereby indicating expressing either isoform of MHC). The proportions of a better inotropism (Fig. 1B) . Likewise, the significantly MHC isoforms were: fast, 47%; slow, 23%; both fast and smaller value of EDPVR in the skeletal muscle cell group slow, 30%. By contrast, at 12 months, skeletal muscle was (0.1760.02) compared with the controls (1.8260.11, P5 present in half of the cell-injected hearts (three out of six).
0.003) reflects a reduced ventricular stiffness following
The number of fibers was less important in these three rats skeletal muscle cell implantation.
than that observed 2 months after injection (2666215 fibers expressing either isoform of MHC). The proportions hearts at the 2-month follow-up study point, thereby of MHC isoform were then fast, 23%; slow, 34%; and both supporting the likely causal relationship between initial fast and slow, 43%. This indicates a change in the skeletal muscle cell engraftment and improvement of proportion of MHC isoforms towards a slow-type pattern ventricular function. This link had already been noted [3, 4] in the remaining muscle fibers over time. With the caveat in studies where a functional benefit was only observed in that the sample size is small, analysis of individual data hearts in which the grafted myoblasts could be successfully failed to detect a correlation between the initial number of identified within a few weeks of transplantation, thereby injected skeletal muscle cells and the number of fibers that indicating that the initial presence of the skeletal muscle could still be identified 1 year later. Likewise, the magfibers is a critical determinant of the functional outcome. nitude of the functional improvement seen at the 1-year One could argue that skeletal muscle cells only reprefollow-up time point was not clearly related to the number sented a limited proportion of the total cell yield which of surviving muscle fibers.
was transplanted and that the observed benefits on function could be due to other cell types present in the injectate. Although we did not perform a thorough phenotypic 4 . Discussion characterisation of these other cell lineages to spare the already limited number of available cells, it is expected Our main finding is that skeletal muscle cell transplantathat they mostly comprised fibroblasts. A comparative tion provides a sustained improvement of both contractility functional assessment of transplanted autologous skeletal and relaxation over a 1-year follow-up period. This myoblasts versus dermal fibroblasts into chronically inimprovement, which correlates in half of the transplanted jured rabbit heart by micromanometry and sonomicrometry rats with the persistent engraftment of skeletal muscle has showed that whereas fibroblast transfer improved cells, is demonstrated by echocardiography and supported diastolic performance, only myoblasts could increase by PV loops analysis.
systolic function in the damaged region, supporting the role of myogenic cells in augmenting contraction [10] .
.1. Analysis of systolic function
Likewise, Sakai et al. demonstrated that foetal cardiomyocytes transplanted into myocardial scar provided Improved systolic function in transplanted rats is regreater contractility than foetal smooth muscle cells or flected by the increased EFs calculated from both echfoetal fibroblasts thereby providing additional evidence ocardiography (45612 vs. 2667%, P50.015) and PV that the intrinsic contractile properties of the implanted loops (47611 vs. 3269%, P50.025) and the consistency cells are a prerequisite for systolic function to improve of these data is strengthened by the observation that [11] . measurements yielded by the two methods were satisfacStrikingly, in the present study, whereas we always torily correlated in both the control and transplanted observed the presence of skeletal muscle tissue in the groups. This improved contractility after transplantation is injected hearts 2 months after transplantation, we failed to also demonstrated by analysis of PV loops obtained by identify it in half of the hearts 1 year after grafting. reducing preload through temporary occlusion of the Moreover, the mean number of fibers was smaller after 12 inferior vena cava. These occlusion loops demonstrate that months than after 2 months after implantation. Interesting-ESPVR and its slope, E , are shifted to the left in the ly, surviving myotubes of the transplanted hearts coexpresmax skeletal muscle cell group (P50.004 and P,0.0001, sed fast and slow myosin isoforms. The increased timerespectively). These two parameters are considered more averaged proportion of myosin isoforms expressing a slow reliable than EF for assessing systolic function [7] . Addior composite (fast and slow) pattern in skeletal muscle tionally, dP/dt 2 EDV and PRSW also improved in the cell-injected hearts raises two hypotheses which are not max treated group. These indices are accurate markers of mutually exclusive. First, by analogy with what has been ventricular contractility and are relatively independent of reported with dynamic cardiomyoplasty, the 'conditioning' the loading conditions of the heart [8, 9] . of skeletal muscle by the electromechanical activity of the This improved contractility after transplantation is consurrounding cardiac tissue might switch the phenotype of sistent with short-term data previously published in the implanted cells towards a slow cardiac-type myosin exrabbit [3, 4] and the rat [1, 2, 5] . The present findings extend pression. This fatigue-resistant pattern would, in turn, these observations by showing not only that the indices of account for the ability of the engrafted cells to sustain a contractility observed in transplanted rats are significantly cardiac-type workload over a prolonged period of time. superior to those of controls, but also that this improveSecond, in the context of a cardiac environment, the fibers ment persists over time, as echocardiographic data reexpressing at least the slow isoform would be positively corded 1 year after transplantation were unchanged from selected at the expense of the fast ones which would then 2-month values (Fig. 1) .
progressively disappear. This would account for the lower Likewise, the histological analyses confirm the contotal number of fibers observed 1 year after transplantation, sistent presence of typical myotubes in the transplanted as compared with 2-month values.
The mechanism of improved systolic function remains the meaningfulness of differences in postgrafting pressureelusive. Differentiation into myotubes is accompanied by a volume loop data. loss of expression of the junction proteins (connexin-43
In conclusion, at 1 year from autologous skeletal muscle and N-cadherin) [12] and the subsequent failure of transcell transplantation in an ischaemic cardiomyopathy planted skeletal muscle cells to establish gap junctions model, the early postprocedural improvement of LV funcwith host cardiomyocytes belittles an electromechanical tion is sustained and involves both systolic and diastolic coupling theory. However, the finding that conditional functions. It is associated with either the preservation of knockout mice for connexin-43, still demonstrate normal fibers expressing at least the slow myosin heavy chain, or impulse propagation and LV function [13] , suggests that the increased expression of this isoform, thus resulting in coordinated heartbeats might occur through connexin-43-an increased proportion of fibers expressing it. Given the independent pathways. These alternate mechanisms could lower number of skeletal muscle fibers present 1 year after involve mechanical contractions of engrafted skeletal transplantation, a limitation of scar remodelling induced muscle cells elicited by those of the neighboring carearly after grafting by the in situ formation of skeletal diomyocytes or electrical field effects whereby currents muscle tissue or a skeletal muscle cell-derived paracrine generated by host cardiomyocytes are directly channeled differentiation of putative cardiac stem cells might be through cell membranes and subsequently trigger action primarily responsible for the long-term preservation of potentials in excitable skeletal muscle cells. So far, howfunctional improvement. ever, these hypotheses have not been demonstrated. Indeed the finding that the functional benefits of skeletal muscle cell transplantation were sustained over time in spite of the R eferences decreased number of detectable myotubes also raises a different hypothesis whereby protection would be triggered tracellular matrix remodelling [14] or maturation of resi-
